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Abstract
The new energy regime that becomes accessible at the LHC will allow to extend the
search region for 4th generation of quarks and leptons beyond existing constraints.
The study reported in this note covers the low-mass b′ search region assuming that the
flavor-changing neutral-current decay b′ → bZ is allowed. Using leading order cross
section for b′ production, we determine the significance expected for an observation
at up to 1/fb data at
√
s = 10 TeV. In the absence of a discovery, 95% confidence level
exclusion limits are presented as well.

11 Introduction
The possible existence of a fourth generation of elementary fermions, a new replica of the
known three generations of chiral matter, has recently regained interest[1]. Such a scenario for
new physics is compatible with the electroweak precision measurements, provided the mass
difference between the b’ and t’ is maximally of about 50 GeV.
Furthermore, within the framework of the StandardModel, the masses of the quarks of a fourth
generation are constrained to be below approximately 550 GeV, by unitarity conditions. The
existance of the fourth generation suggested in the context of TeV baryogenesis, as it may pro-
vide a sufficienty large CP violation, and can provide a mechanism for EWSB through the
condensate of heavy quarks. The possible phenomenology of 4th generation quarks has been
discussed in an extensive review [2].
Recent analyses based on data from B-factories give hints for possible New Physics (NP) be-
yond the Standard Model (SM) in the CP-violation (CPV) sector [3]. This could be due to a
New Physics CPV phase in the electroweak penguin operator, which could arise from a 4th
generation t′ quark.
All energy-frontier machines, including the Tevatron, have searched for production of a b′
quark [4]. The current b′ mass bound in the PDG tables is derived from the study by CDF [5].
Assuming 100% decay branching fraction into the Flavor Changing Neutral Current (FCNC)
channel b′ → bZ, the lower limit is 199 GeV at the 95% confidence level (C.L.). This full FCNC
assumption is however not guaranteed and therefore lower b’ masses cannot be excluded from
the present data. The latest CDF result gives a lower limit of 270 GeV [6] using a generic Z+
jets, but again assuming a 100% FCNC branching to bZ.
At the LHC one can fully probe the complete 4th generation b′ and t′ quark mass range. A
comparison of the b′ production cross sections at the LHC and Tevatron is shown in Fig. 1. The
higher central mass energy of LHC provides larger possible b′ production cross section and a
broader b′ mass search coverage. For the case of b′ mass less than tW mass threshold, b′ → tW
is kinematically suppressed. The leading charged current process b′ → cW, which is doubly
Cabibbo-suppressed, would be the dominant one with a finite |Vcb′ |/|Vtb′ |. However, large
background contamination is expected in this channel. In this paper we consider instead the
possibility of a sizable FCNC decay channel b′ → bZ (an electroweak penguin loop process) at
the level of a few 10% or higher, which makes the search more accessible. We however do not
assume a 100% FCNC decay for the b’ as in present studies. With this assumption the signal is
relatively clean and one can fully reconstruct the b′ in the leptonic decay channel of the vector
bosons. As the b′ mass approaches the tW threshold, the b′ → t(∗)W(∗) decay mode is expected
to be dominant. This scenario is covered by the heavy b′ study in a different analysis [7].
2 Search for the Fourth Generation Quarks
At the LHC standard b′ (or t′) quark pair production proceeds via gluon fusion and qq¯ an-
nihilation. The cross section is relatively easy to calculate, under usual assumption of strong
coupling to gluons. The possibility of single b′ production is not considered here.
The study in this note is focused on the low-mass region, where b′ decay into both cW and bZ.
The search for b′ can be performed in the signatures based on the number of isolated high-pT
leptons in the final state, which can be up to four. We adopt the following notation through the
note: ` = electron or muon, ν = νe or νµ, Z`` is a Z boson that decays into ``, Zjj is a Z boson that
decays into a quark-antiquark pair, which manifest itself as jets, W`ν is aW boson that decays
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Figure 1: Production cross section at leading order for a fourth generation b′ quark at the LHC
and Tevatron.
into `ν,Wjj is aW boson that decays into two quark jets.
This analysis focus on the trileptonic (Z`` W`ν jj) final states assuming both branching fractions:
BF(b′ → cW) and BF(b′ → bZ) are sizable. The two bosons can both be well identified, hence
this channel has the best mass resolution and the lowest background, though it has the lowest
sub-branching fraction (1.5%).
We assume the b′ branching fractions (BF) BF(b′ → bZ) = 10% and BF(b′ → cW) = 90%
through this note, unless specified otherwise. Therefore the contribution from the quadlepton
final state, Z`` Z``, is expected to be negligible. The case of the b′ quark decaying into cW (bZ)
with 100% probability are studied in separated analyses.
Major backgrounds to this decay mode are tt, Z + jets, andWZ + jets events. The di-boson pro-
duction processes are also important backgrounds for this study. Measurements at the Tevatron
experiments show that theWZ [8, 9] and ZZ [10] cross sections are well in agreement with the
SM predictions. The main difference between the signal and the WZ + jets background is a
higher cross section and the mbZ mass clustering around that of the b′ for the signal.
While the b′ transversemass (mT) can be fully reconstructed, we do not directly use this variable
to extract the signal, but utilize it only as a monitor for the signal Monte Carlo (MC) study.
3 MC Data Samples
3.1 b′ Signal MC Samples
The b′ signal Monte Carlo samples are those from CMS official MC production. The b′ quarks
are forced to decay in the following way: b′ → bZ and b¯′ → cW. The Z bosons are forced
to decay leptonically, while W decay inclusively. The sample is generated with the PYTHIA
[11] event generator and the detector response is accounted for with the GEANT4-based [12]
CMS simulation and event reconstruction software, CMSSW, version 2 1 7 (”full simulation”
or FullSim).
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3.2 Standard Model Background
The background samples are also from the CMS official MC production using either full or
fast detector simulation. The largest contributions to Standard Model background are from
tt¯, Z+jets, WZ, ZZ, and W/Z + QQ (bb``) events. The processed MC samples and expected
number of events are listed in Table 1.
3.3 Background from Vector-Boson Fusion (VBF)
In addition to the official CMS inclusive diboson MC samples, a private production of theWZ
vector-boson fusion process, not included in the inclusive sample, has been added, using a
private generator by A. Belyaev [13] and the detector response is accounted with CMSSW fast
simulation. This process has aW and Z and two additional partons in the final state, which is
exactly the same signature as for the signal process. A sample with a corresponding inclusive
cross section of 5.6 pb has been used in this study. The sample is generated with the CalcHep
generator [13] and is listed in Table 1.
MC Sample Generator X-S × BR (pb) Produced Yield Evt.@1fb−1
b′b¯′ → bZcW, m=200 GeV PYTHIA FullSim 2.84 (LO) 10.7K 156 29.9± 2.4
b′b¯′ → bZcW, m=225 GeV PYTHIA FullSim 1.59 (LO) 10.3K 150 16.7± 1.4
b′b¯′ → bZcW, m=250 GeV PYTHIA FullSim 0.89 (LO) 10.1K 179 11.4± 0.9
tt+ Jets MadGraph FastSim 414 (NLL) 10.8M 34 1.3± 0.2
Z+ Jets MadGraph FastSim 3700 (LO) 8.6M 11 4.8± 1.4
W+ Jets MadGraph FastSim 40000 (LO) 36.4M 0 (0.0± 1.1)
W/Z+QQ (Q = b, c) MadGraph FullSim 289 (LO) 1.0M 3 0.9± 0.5
WW → 2` PYTHIA FullSim 3.65 (NLO) 106K 1 0.1± 0.0
WZ inclusive PYTHIA FullSim 30.6 (NLO) 249K 19 2.3± 0.5
WZ → 3`+ J J VBF CalcHEP FullSim 0.179 (NLO) 5K 115 4.1± 0.4
ZZ → 4` PYTHIA FullSim 0.11 (NLO) 267K 785 0.3± 0.0
ZZ → 2`2ν PYTHIA FullSim 0.21 (NLO) 113K 0 —
Background Total: 13.8± 1.7
Table 1: The signal and Standard Model background Monte Carlo samples used in this study.
3.4 QCD Background
Potentially significant background contribution comes from QCD multi-jet production, with
jets faking leptons. A series of CMS officially produced QCD samples in different pˆT regions
are used to estimate it. Another set of EM enriched QCD multi-jet samples are also used for
cross check. The details of these samples are given in Table 2.
4 Event Selection
Weuse the Physics Analysis Toolkit (PAT) objects in CMSSWversion 2 2 3 as our starting point.
The trigger definition and selection criteria for each physics object are listed below:
• High Level Trigger (HLT)
The lepton trigger path of CMS is used for this study which focuses on the fully
leptonic decays of b′b′ → bZcW, the lepton trigger path is used in this study. The
signal-like events must satisfy the followingHigh Level Trigger (HLT) requirements:
4 4 Event Selection
Sample, pˆT in GeV Generator X-section (pb) Produced evt
pˆT 0-15 PYTHIA 51.6× 109 (LO) 100K
pˆT 15-20 PYTHIA 949× 106 (LO) 100K
pˆT 20-30 PYTHIA 401× 106 (LO) 100K
pˆT 30-50 PYTHIA 94.7× 106 (LO) 100K
pˆT 50-80 PYTHIA 12.2× 106 (LO) 100K
pˆT 80-120 PYTHIA 1.62× 106 (LO) 50K
pˆT 120-170 PYTHIA 256× 103 (LO) 50K
pˆT 170-230 PYTHIA 48,300 (LO) 50K
pˆT 230-300 PYTHIA 10,600 (LO) 50K
pˆT 300-380 PYTHIA 2,630 (LO) 50K
pˆT 380-470 PYTHIA 722 (LO) 50K
pˆT 470-600 PYTHIA 241 (LO) 20K
pˆT 600-800 PYTHIA 62.5 (LO) 20K
pˆT 800-1000 PYTHIA 9.42 (LO) 20K
pˆT 20-30 EM enriched PYTHIA 400× 106 (LO) 5M
pˆT 30-80 EM enriched PYTHIA 100× 106 (LO) 10M
pˆT 80-170 EM enriched PYTHIA 1.9× 106 (LO) 5M
Table 2: The QCD multi-jets Monte Carlo samples used in this study.
• Non-isolated electron trigger requiring at least one reconstructed electron
with ET > 15 GeV;
• Non-isolatedmuon trigger requiring at least one reconstructedmuonwith
central track match and with pT > 15 GeV.
As all the signal events passing offline cuts satisfy the above HLT requirement, we
determine the trigger efficiency to be > 99.4%.
• Jets
Jet candidates are reconstructed using an iterative cone algorithm [14] with cone
radius R = 0.5. A minimum pT of 30 GeV is required for each jet after applying
a MC-based energy correction. Jets are required to be in the pseudorapidity range
|η| < 2.4 and have no adjacent isolated leptons with pT > 10 GeV within a ∆R = 0.5
cone centered on the jet direction. We require at least two jets that pass the above
criteria in the event.
• Muons
Muon candidates are taken from the “global muon” collection, which uses a global
fit to the muon detector segments and silicon tracker tracks. We require the pT of the
muon to be greater than 20 GeV and |η| to be less than 2.1.
Track isolation cuts on the adjacent tracks and calorimeter selections are also applied:
the pT sum within a ∆R = 0.3 cone centered on the muon candidate has to be less
than 2 GeV for either additional tracks, ECAL, or HCAL clusters.
• Electrons
Electron candidates are reconstructed from the collection of electromagnetic (EM)
clusters with matched pixel tracks. We require an electron with pT > 20 GeV and
|η| < 2.4.
To ensure high signal efficiency and sufficient background rejection, the official CMS
Electron Identification (EID) “robustLoose” requirements are used. This is the de-
5fault EID selection, which uses very simple and loose cuts on the shapes and ratios
of calorimeter energy deposits and gives a high efficiency at the cost of a relatively
high fake rate.
To further purify the signal, we use the following isolation requirement: the sum of
pT’s of the tracks with pT > 1 GeVwithin a hollow cone of the size 0.015 < ∆R < 0.3
centered on the electron, be less than 3 GeV and for ECAL and HCAL clusters in the
∆R = 0.4 cone the extra ET sum be less than 5 GeV.
• Missing ET
Missing ET (MET) is calculated from the energy sum in both ECAL and HCAL.
The MET is corrected for the jet energy response (Type 1 correction) and for the
reconstructed momenta of muons which otherwise only deposit MIP energy in the
calorimeters.
• Z-boson selection
The Z-bosons are reconstructed by pairing two opposite-charge electrons or muons
which pass the above lepton isolation requirements. The invariant mass of the two
lepton candidates is required to be within the mass window of 80 − 100 GeV. No
other extra Z candidates are allowed within the 60− 120 GeV mass window in the
event.
• W-boson selection
The W bosons decay leptonically in this final state, hence we can not reconstruct
the 4-momentum of a W candidate. Instead, we combine an isolated lepton with
missing ET and calculate the transverse mass: MT =
√
2 ·MET · ElT(1− cos(∆φ)),
where ∆φ is the opening azimuthal angle between the directions of missing ET and
the lepton from theW decay.
The MT is required to be in the mass window of 30− 120 GeV. Also a minimum pT
of 30 GeV is required for the W daughter lepton to further suppress backgrounds.
TheW daughter lepton must not belong to the Z-boson candidate, which has passed
the above criteria.
5 Analysis Strategy
The b′ candidate should have one W and one Z together with at least two jets in the event.
After applying the selection criteria described above, the signal efficiency ranges between 6.6%
and 8.4%, depending on the b′ mass, in the range of 200 to 250 GeV. The details are shown
in Table 3. The W’s are also allowed to decay hadronically in the MC sample, while only the
lepton channels are used in this study. Consequently, a factor of BF(Z → ee, µµ)× BF(W →
eν, µν, τν) = 21.6% is applied to the efficiency to take that into account.
Estimated background from SM processes and QCD events is listed in Tables 1 and 4. One can
also find the broken-down estimated yields into different lepton flavor combinations in Table 5.
However, due to the huge cross section of QCD multi-jet events and limited MC statistics, we
can not make a reliable QCD background estimate directly from the MC samples. Therefore,
we attempted to factorize the selection criteria into the requirement of at least two jets, of one
Z, and of one W. We calculate the rejection factors of the cuts assuming these selections to be
uncorrelated and quote a minimum of 1 event if no events are left after any selection. Note that
for the Zmass window selection, we mostly get zero event after this selection even without the
like-sign charge requirement on daughter leptons. The result is listed in Table 4.
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b′ mass 200 GeV 225 GeV 250 GeV
LO cross-sec. (pb) 113.0 63.2 35.4
MC events 10665 10286 10080
MCWe,µ,τZe,µ 2243 2222 2109
any e 66.8% 68.4% 69.4%
any µ 65.4% 66.6% 66.8%
Z selection 38.6% 40.3% 42.4%
W selection 10.4% 10.3% 11.8%
# Jets selection 6.8% 6.6% 8.4%
Expected yield at 1/fb 29.9 16.7 11.4
Table 3: Summary of estimated signal event yield. The numbers correspond to each cut applied
in sequence, except for the lepton ID ones. The W decays hadronically, while only the lepton
channel is used.
QCD, pˆT in GeV LO X-Sec. Processed oneW one Z Jet # > 1 Expect evt.
pT 0-15 51562.8M 103860 (0) 9.6E-6 (0) 9.6E-6 7 6.7E-5 < 0.322
pT 15-20 949441K 181440 (0) 5.5E-6 (0) 5.5E-6 1 5.5E-6 < 0.000
pT 20-30 400982K 101880 (0) 9.8E-6 (0) 9.8E-6 20 2.0E-4 < 0.008
pT 30-50 94702.5K 133200 (0) 7.5E-6 (0) 7.5E-6 803 6.0E-3 < 0.032
pT 50-80 12195.9K 93545 4 4.3E-5 (0) 1.1E-5 5K 5.3E-2 < 0.293
pT 80-120 1617.24K 51300 5 9.7E-5 (0) 1.9E-5 8K 1.5E-1 < 0.457
pT 120-170 255987 40085 4 1.0E-4 (0) 2.5E-5 9K 2.2E-1 < 0.143
pT 170-230 48235 51840 1 1.9E-5 (0) 1.9E-5 13K 2.6E-1 < 0.005
pT 230-300 10623.2 54000 5 9.3E-5 (0) 1.9E-5 14K 2.6E-1 < 0.005
pT 300-380 2634.94 60048 11 1.8E-4 (0) 1.7E-5 16K 2.6E-1 < 0.002
pT 380-470 722.099 51840 11 2.1E-4 (0) 1.9E-5 13K 2.5E-1 < 0.001
pT 470-600 240.983 27648 5 1.8E-4 (0) 3.6E-5 7K 2.5E-1 < 0.000
pT 600-800 62.4923 28620 8 2.8E-4 (1) 3.5E-5 7K 2.5E-1 < 0.000
pT 800-1000 9.42062 20880 8 3.8E-4 (0) 4.8E-5 5K 2.5E-1 < 0.000
Total: < 1.27
Table 4: Estimated QCD background contributions with Summer08 official MC samples.
Columns 4–6 have two entries: the number of events passing the cut and the fraction of the
total number of events that pass the cut. Entries with zero events left conservatively assume
one event passing.
We use a simple counting method to determine the cross section of the b′ production. The
signal and background yields after all the selections are shown in Fig. 3 for transverse energy
sum, number of jets, and the invariant mass of b′ → bZ. Here we define transverse energy sum
as:
HT =∑ EjetT +∑ ptrkT +Missing ET,
where EjetT and p
trk
T are transverse energies and transverse momenta of the final state particles
corresponding to the products of the b′ → cW decay.
The b′ invariant mass is reconstructed by combining the Z andW with the jet candidates. The
best candidate for each event is chosen based on the largest opening angle of the b′ pair in the
transverse plane as the b′ quarks are expected to be produced back-to-back. As the longitudinal
information is not available for MET, the cW invariant mass distribution is not used in the
7analysis.
In the case where a significant excess of signal-like events is observed beyond expectations
from ordinary background, a more involved interpretation of the selected data, exploiting the
reconstructed b′ invariant mass and HT distributions to extract a signal significance for specific
model assumptions (intrinsic width of the b′ etc.) could be envisaged. For instance, a threshold
cut method or a template fit to a theoretically predicted b′ mass distribution could be used.
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Figure 2: HT (left), number of jets (middle), and the bZ invariant mass (right) for the signal and
expected background in 1 fb−1 for M(b′)=200 GeV. A selection of N jets ≥ 2 is applied, except in
the middle plot.
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Figure 3: HT (top) and the bZ invariant mass (bottom) distributions for the signal (red) and
expected background (blue) in 1 fb−1 for M(b′)=200 (left), 225 (middle), 250 (right) GeV. N jets ≥
2 selection is applied. Signal and background are stacked.
6 Data-Driven Background Estimation
To be able to use the counting method, we need a good control on the estimated background
contributions. Main backgrounds to light b′ decays originate from the Z+ jets, tt, and the
multi-bosonWZ events. We divide the events into two categories: events with only a Z bosons
and events with WZ+ X. The background events with only W bosons, such as W + X and tt
events suffer from small statistics when estimated using Z mass window sidebands; thus this
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Table 5: Estimated observed events for 1/fb data broken into different lepton flavor combina-
tions.
Processes 3µ 1e2µ 2e1µ 3e
b′(200) 6.9 8.6 8.8 5.8
tt¯+ jets 0.1 0.3 0.6 0.0
Z+ jets 0.0 4.8 0.0 0.0
Z(``)bb¯ 0.0 0.9 0.0 0.0
WZ incl. 0.4 1.1 0.5 0.4
ZZ incl. 0.0 0.3 0.0 0.0
WZ VBF 0.6 1.3 1.5 0.8
Total 8.0 17.2 11.5 7.0
background is determined from the MC study. Also as theWZ events are not distinguishable
from the b′ signal, we rely on the ratios from the MC for now, but plan to perform a template
fit to the total transverse energy, HT, or to the M(b′) distribution in the future.
We define the following two samples:
• Tight-cut sample: events passing all the signal extraction cuts;
• Loose-cut sample: events passing all the selection cuts, regardless the isolation cuts
on theW’s daughter leptons.
The observables are the total number of events in these two samples. The “Loose-cut” sample
contains events with theW’s reconstructed from either true leptons (Nlep) or the fake ones from
misidentified jets (Njet). So, the number of events in this sample can be expressed as:
Nloose = Nlep + Njet.
The number of events in the “Tight-cut” sample can be written as:
Ntight = etight · Nlep + P f ake · Njet,
where etight is the efficiency for true leptons to pass the isolation cuts and P f ake is the corre-
sponding ”efficiency” of fake leptons. We will obtain etight and P f ake directly from data.
6.1 Isolation Efficiency for True Leptons
The efficiency for the true leptons to pass the isolation cuts can be estimated with the “tag-
and-probe” method. An independent Z-enriched sample is used by requiring two opposite-
charged leptons with the same flavor, with the invariant mass within the 60− 120 GeV range.
The leptons are required to have pT > 20GeV and pass the above lepton ID selections. Only
one Z candidate per event is allowed in the abovemass window. The efficiency is then obtained
via the following equation:
etight =
2(NTT − BTT)
(NTF − BTF) + 2(NTT − BTT) .
Here N is the total number of events in the Z-candidate mass window, while B is combinatorial
background from W events, as estimated from a linear fit on events outside of the Z window.
The sub-note TT means that both leptons pass the isolation cuts and TF means that one of the
leptons fails the isolation cuts in which does not include those of TT. The estimated efficiencies
for muons and electrons are 94.8± 0.4% and 91.3± 0.4%, respectively.
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6.2 Isolation Efficiency for Fake Leptons
Fake leptons in the samplesmostly come from jets in the Z+ jets events. The rate of fake leptons
passing the isolation cut can be estimated using a bb¯ enriched sample or a multi-jet sample.
Currently we have only a muon-enriched bb¯MC sample available. We veto the events with the
Z candidates and compare the number of leptons before and after the isolation requirement.
The results for muons and electrons are 6.5± 0.2% and 2.7± 0.2%, respectively. We use these
results for the data-driven analysis.
6.3 Background estimate
With the isolation efficiencies for true and fake leptons determined as described above, we can
estimate the Z+ jets and WZ + X backgrounds from the total number of events in the two
samples. The results are shown in Table 6 and are in a good agreement with the MC-truth
estimates.
Table 6: Estimated background events in a 1/fb data set using data driven method. Note the
estimated WZ + X and Z + X yields (33.2± 6.4, 6.4± 0.8) are well consistent with the truth
values (35.8± 6.4, 4.9± 2.1). The errors here are purely statistical.
Loose cut W → µν W → eν total
WZ+ X 28.8± 5.1 38.2± 6.7 66.9± 8.2
Z+ X 36.2± 15.7 103.5± 44.9 139.7± 60.6
Nloose - tt 65.0± 8.2 141.6± 12.0 206.6± 14.9
Tight cut W → µν W → eν total
WZ+ X 18.4± 3.3 17.4± 3.1 35.8± 4.5
Z+ X 0.1± 0.0 4.8± 2.1 4.9± 2.1
Ntight - tt 18.5± 4.3 22.2± 4.7 40.7± 6.4
Est. tight W → µν W → eν total
WZ+ X 15.3± 4.4 17.9± 4.7 33.2± 6.4
Z+ X 3.2± 0.7 3.2± 0.5 6.4± 0.8
7 Systematic Uncertainties
The cross-section of b′ production is calculated from the excess of observed events compared
to the estimated background using the measured luminosity. This can be expressed as:
Nexpsig = N
obs




where Nexpsig and N
exp
bkg are the expected numbers of signal and background events, while e is the
product of the detector acceptance and the reconstruction efficiency after all selection criteria
applied; L is the measured integrated luminosity. To calculate the expected significance, we
estimate the systematical uncertainties that contribute to each of these components.
The following sources of systematic uncertainties are considered for the cross section measure-
ment:
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• Luminosity,
• Theoretical calculation of background cross sections,
• Lepton selection,
• Jet energy scale and MET resolution,
• Parton distribution functions,
• High level trigger effects,
• Monte Carlo statistics.
The contributions to the total systematic uncertainty from each of these sources are discussed
in the following subsections.
7.1 Luminosity
The systematic uncertainty due to luminosity uncertainty is estimated by varying the inte-
grated luminosity for the calculation of the event yields, to determine the change in the upper
limit. The luminosity uncertainty for 1 fb−1 is expected to be 10% [15].
7.2 Theoretical Uncertainties
Theoretical uncertainties taken into account here arise from uncertainties on the cross sections
from various background processes. The affected processes are the tt production, W+jets,
Z+jets, and genericWZ production. We assign a 10% uncertainty for the tt background based
on the di-lepton channel top study [16]. Better uncertainties can be achived for W+jets and
Z+jets productions according to the electroweak studies. The cross sections for diboson pro-
cesses are not measured precisely, therefore a 50% uncertainty is assigned to each of them.
7.3 Lepton Isolation and Selections
We use the reconstructed lepton candidates from the PAT objects. The isolation requirements
recommended by the POG studies are used. As 1% acceptance uncertainty on the lepton se-
lections can be achieved with 10 pb−1 already, we conservatively quote a 1% uncertainty per
lepton.
7.4 Jet Energy Scale and Missing ET resolution
According to the JES physics analysis summary [17], the estimated uncertainty for jet energy
scale at start up is∼ 10%. After some studies with early collision data, it is expected be reduced
to ∼ 5%.
We determine the JES uncertainty by varying the scaling factor by ±10% and quote the differ-
ence between the resulting and nominal values for each background process. Also, we estimate
uncertainty due to Missing ET determination by varying it with ±10% of its width estimated
in TDR and quote the difference from the nominal values.
7.5 Parton Distribution Functions
Systematic uncertainties due to parton distribution functions (PDF) are traditionally estimated
by using different PDF sets to generate the Monte Carlo samples and by taking the difference
in cross sections observed with this procedure.
For the b′ signal MC samples, we estimate systematic uncertainties for different PDF tunes by a
re-weighting method. The official Summer08 and Fall08 samples are generated with CTEQ6L1
7.6 Monte Carlo Statistics 11
LO PDF.
We estimate the effect by considering changes in cross section based on CTEQ6M NLO PDF
central value and corresponding 20+20 error sets. The result is summarized in Table 7 and 8.
Here we quote the deviations obtained with different error sets, which correspond to various
theoretical uncertainties, as systematics due to the PDF choice.
For each parameter i = 1, . . . , 20, two values σ±i are extracted from the sum of each event










max(σ0 − σ+i , σ0 − σ−i , 0).
This means that the full positive uncertainty to the cross section is taken to be the quadratic sum
of all the positive shifts found for each PDF set (using the largest of the two in the case both w+i
and w−i result in a positive shift), and the same is done for the negative uncertainty. The larger
value between ∆σ+ and ∆σ− is used when calculating the total systematic uncertainty.
7.6 Monte Carlo Statistics
The largest systematic uncertainty presently comes from the low Monte Carlo (MC) statistics.
The largest contribution is from the Z+jet event sample because of its large scaling factor to
1fb−1 data. This can be improved with more MC statistics. Details are listed in Tables 7 and 8.
Systematic uncertainty due to the limited statistics of the Monte Carlo samples is estimated
with the change in cross sections from Poisson fluctuations which is the square root of the
Monte Carlo events that pass all the cuts.
7.7 Total Systematic Uncertainty
Total systematic uncertainty is obtained by adding in quadrature all the contributions, assum-
ing that various uncertainties are uncorrelated. The results for both channels are shown in
Tables 7 and 8. By using the data-driven method to estimate the background contribution, the
uncertainties in the number of WZ+ X and Z+ X events only come from the statistics in the
loose and tight-cut samples. The corresponding uncertainties for 1 fb−1 data sample are 53.7%
and 13.0% forWZ+ X and Z+ X events, respectively. The averaged background uncertainty
is 34.0%.
7.8 Results
We can now evaluate the b′ signal significance including systematic uncertainties. There are
several ways to determine the significance of an observation [18]:
• Scl:
√
2 · ((Nsig +Nbgr) · ln(1+Nsig/Nbgr)−Nsig);
• S12: 2 ·√Nsig +Nbgr −√Nbgr +Dbgr√(Nbgr +Dbgr)/(Nbgr + S2bgr +Dbgr);




− x22 , where β = ∑∞i=s+b
bie−b
i! .
Here Dbgr and Sbgr stand for statistical and systematic background uncertainties.
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Table 7: Summary of uncertainties from the b′ signal events.
∆S/S M(b′) = 200 M(b′) = 225 M(b′) = 250
Yield at 1fb−1 29.9 16.7 11.4
Integrated luminosity 10% 10% 10%
HLT 0.65% 0.66% 0.53%
Lepton 3.0% 3.0% 3.0%
Jet energy scale 6.4% 5.3% 2.8%
MET resolution 3.9% 2.0% 3.4%
Parton Dist. Func. +4.5%/-4.8% +4.7%/-5.0% +5.7%/-5.6%
MC Stat. 8.0% 8.2% 7.5%
Total systematic uncertainty 15.9% 15.3% 14.7%
Table 8: Summary of uncertainties on standard model background estimates.
∆B/B tt+jets Z+ Z W +W
Yield at 1fb−1 1.30 0.32 0.03
Integrated luminosity 10% 10% 10%
Lepton 3.0% 3.0% 3.0%
Jet energy scale 8.8% 18.0% 15.0%
MET res. 11.8% 7.9% 10.0%
Cross section 10% 50% 50%
Parton Dist. func. 5.2% 5.8% 5.6%
MC Stat. 17.15% 3.57% 100.0%
Systematic uncertainty 27.2% 52.4% 113.8%
Neglecting systematic uncertainties, a naı¨ve calculation of the significance will give us 6.4σ,
3.9σ, and 2.8σ for m(b′) = 200, 225, 250 GeV, respectively. This is called the “Scl” method. To
take into account systematic uncertainties two approaches, the so called “S12” and the “ScP”
method, are used to estimate the significance. The results are listed in Table 9. The results of
these two methods are found to be quite close to each other. Among these methods, “ScP” has
a better behavior when used with Gaussian uncertainties, so it’s the recommended method to
estimate significance. To achieve the 5σ significance for b′ discovery, the needed data are also
given. This is based on a simple extrapolation with the present simple cut method. Smaller
needed data are expected with a more sophisticated analysis method performed.
Table 9: Significance of the observation or exclusion of the b′ signal with 1 fb−1 of data. Ex-
pected data needed for a 5σ discovery are give based on simple cut method only.
Σ M(b′) = 200 M(b′) = 225 M(b′) = 250
Nsig 29.9 16.7 11.4
Nbkg 13.8 13.8 13.8
S12 3.5 1.9 1.1
ScP 3.8 1.9 1.1
5σ discovery† 1.8 fb−1 6.9 fb−1 20.7 fb−1
13
We also estimate the significance for 1fb−1 data excluding the 1e2µ channel, which has low-
est signal-to-background ratio. The “ScP” method gives 4.2σ, 2.2σ, and 1.4σ significance for
m(b′) = 200, 225, 250 GeV, respectively.
In the case of a null signal, we can set an upper limit of Nsig to be 13.6, 13.6 and 13.5 events at
the 95% confidence level for m(b′) = 200, 225, 250 GeV, respectively. These are obtained using
the “genlimit” package [19]. (Observed total event is set to 14 as integer is required.) In this
package, a Bayesian method is used to derive limits from a Poisson counting experiment. Since
the branching fractions of b′ → bZ, cW are arbitrarily chosen, one can estimate the upper limit
of the product of branching fractions for different b′ masses. For the LO theoretical calculation
of the cross section used here the 95% C.L. upper limit on BR(b′ → cW) × BR(b′ → bZ) =
0.041, 0.073, 0.107 form(b′) = 200, 225, 250 GeV, respectively. On the other hand, if the BR(b′ →
cW)× BR(b′ → bZ) = 0.09, then the cross section upper limits for the corresponding b′ mass
assumption will be 51.41, 51.47, 41.92 pb, respectively. In Fig. 4, we can see the exclusion region
of upper limit together with various BR(b′ → bZ) assumptions. For B(b′ → bZ) = 10%, we
can exclude up to m(b′) ≈ 190 GeV with 200 pb−1 of data. With 1 fb−1 of data, we can exclude
light b′ up to ≈ 235 GeV in mass.
b’ mass (GeV)
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Figure 4: b′ cross section vs. b′ mass. The range BR(b′ → bZ) = 5%− 20% is considered. Also
upper limits with 95% C.L. for 200/pb and 1/fb cases are provided.
8 Summary
We performed the 4th generation quark search in the b′b′ → cWbZ channel in the trilepton
mode. With this study, one can expect to find evidence for the existence of light b′ production
as 1 fb−1 of data. For the W → µν channel, the background is much lower and thus one can
hope to obtain evidence in this channel with as little data. In the absence of a signal, a 95% C.L.
exclusion limit is set for both the BR(b′ → cW)× BR(b′ → bZ) and b′ production cross section
for various b′ masses.
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